Background: Few studies have examined the extent of inhalation or dermal contact among bystanders following short-term, secondhand e-cigarette exposure. Objective: Measure PM 2.5 (particles < 2.5 microns), UF (ultrafine particles < 100 nm), and nicotine in air and deposited on surfaces and clothing pre-/during/post-a short-term (2-hour) e-cigarette exposure.
room. We recorded: uncorrected PM 2.5 (using SidePak); UF (using P-Trak); air nicotine concentrations (using air samplers; SKC XAD-4 canisters); ambient air exchange rate (using an air capture hood). Wipe samples were taken by wiping 100 cm 2 room surfaces pre-and post-both sessions, and clean cloth wipes were worn during the exposure and collected at the end. Results: Uncorrected PM 2.5 and UF were higher (p < .0001) during sessions than before or after. Median PM 2.5 during exposure was higher using tanks (0.515 mg/m 3 ) than disposables (0.035 mg/m 3 ) (p < .0001). Median UF during exposure was higher using disposables (31 200 particles/ cm 3 ) than tanks (25 200 particles/cm 3 )(p < .0001). Median air nicotine levels were higher (p < .05) during both sessions (disposables = 0.697 ng/L, tanks = 1.833 ng/L) than before (disposables = 0.004 ng/L, tanks = 0.010 ng/L) or after (disposables = 0.115 ng/L, tanks = 0.147 ng/L). Median accumulation rates of nicotine on surface samples were 2.1 ng/100 cm 2 /h using disposables and 4.0 ng/100 cm 2 /h using tanks; for cloth samples, it was 44.4 ng/100 cm 2 /h using disposables and 69.6 ng/100 cm 2 /h using tanks (p < .01). Mean room ventilation rate was ~5 air changes per hour during both sessions. Conclusions: Short-term e-cigarette use can produce: elevated PM 2.5 ; elevated UF; nicotine in the air; and accumulation of nicotine on surfaces and clothing. Implications: Short-term indoor e-cigarette use produced accumulation of nicotine on surfaces and clothing, which could lead to dermal exposure to nicotine. Short-term e-cigarette use produced elevated PM 2.5 and ultrafine particles, which could lead to secondhand inhalation of these particles
Introduction
With the rapidly increasing use of electronic cigarettes (e-cigarettes) among adults and youth, [1] [2] [3] concern about the potential exposure of the general US population to ingredients in e-cigarettes has grown. One area of particular concern and uncertainty is bystander exposure (ie, secondhand and thirdhand [residual nicotine and other chemicals left on a variety of indoor surfaces] exposure) to constituents of exhaled aerosol emitted by e-cigarette users. In particular, e-cigarettes that deliver aerosolized nicotine raise concerns about the potential for acute poisonings, developmental and reproductive toxicity, and addiction. 4, 5 Previous studies have measured nicotine in the air following machine generation, 6, 7 ad libitum use by study volunteers, 8 and prescribed regimen use by study volunteers. 9 Similarly, measurements of PM 2.5 6-8,10 and ultrafine particles [7] [8] [9] have shown to increase with e-cigarette use. These studies differed by e-cigarette type, vaping regimen, and ambient conditions. However, none of these studies were designed to simulate short-term exposure conditions similar to realworld use. Therefore, it is challenging to extrapolate their results to what members of the public who do not use tobacco products might experience. Similarly, we have little information about potential dermal exposure to the public from deposited e-cigarette aerosol. Current data on thirdhand exposure to nicotine from e-cigarettes is limited to a pilot study performed by Bush and Goneiwicz, 11 where the authors measured nicotine levels in eight homes occupied by e-cigarette users.
To help fill these research gaps, we designed a study that measured the transfer of nicotine from device to air to nonusers in the room to thirdhand deposition under short-term exposure conditions that a member of the public might encounter in a public setting. In a companion manuscript, we report serum, saliva, and urine cotinine levels in nonusers, use behavior (eg, Number of puffs), as well as device and solution characteristics. In this paper, we report values of fine particulate matter (PM 2.5 , particles having a diameter < 2.5 microns), ultrafine particulate matter (UF, particles having a diameter < 100 nm) and nicotine concentrations in the air, as well as the deposition of nicotine on surfaces in the study room (floor, wall, table, TV, etc.) and on clothing.
Methods

General Procedures
Three e-cigarette users who had used an e-cigarette for more than 6 months, having used both a first generation 'disposable' e-cigarette, which resemble a tobacco cigarette and are discarded after the solution is exhausted, and a second generation "tank" e-cigarette, which features a refillable tank for solution. The e-cigarette users also currently used a tank at least five times per day with at least 18 mg/ml concentrated nicotine solution were asked to use the products ad libitum for 2 hours in a room furnished with prewashed fabric materials and other accessories designed to realistically simulate a social encounter of a member of the US population. Six nonusers also co-occupied the exposure room during the assessment period. We performed two exposure sessions 1 week apart. The first session used a disposable e-cigarette, and the second session used a tank e-cigarette. Before and following each exposure, the masses of the e-cigarette products were measured to determine the amount of e-cigarette solution used during the exposure. The amount of nicotine consumed could then be calculated by converting the mass of solution consumed into volume by dividing the mass of solution by either the specific density of propylene glycol (PG) = (1.032 g/cm 3 ) or of vegetable glycerin (VG) = (1.261 g/cm 3 ) or, if the solution was a blend, estimating it to be a 50:50 ratio and averaging the specific density to 1.147 g/cm 3 . The volume could then be multiplied by the measured nicotine concentration to yield mass of nicotine consumed by the active user during the exposure.
Setting
The study was performed in an 1858 ft 3 (52.6 m 3 ) room with a 20 ft ×11 ft (6.10 m × 3.35 m) floor ( Figure 1 ). The room had one sealed interior window and one door. Air was delivered to the room from the ceiling with downward movement. There was one air outlet located near the entrance and two centrally located air inlets located centrally in the room. The ambient air exchange rate was recorded using an air capture hood a few days prior to each exposure study, at the same time of day as both sessions were conducted. Measurements were taken approximately 5-7 feet from the air inlets. Air change per hour was calculated by dividing the measured average cubic feet per minute by 60 to get cubic feet per hour, and then dividing that result by the volume of the room. The mean ventilation rate of room air was determined to be 150 cfm (cubic feet per minute) or ~5 air changes per hour (ACH).
Air Monitoring
Before, during, and after both 2-hour sessions, UF and PM 2.5 were recorded using a P-Trak and a SidePak Aerosol Monitor, respectively. Both monitors were located in the middle of the table of the exposure room and were zero-calibrated before each use. As there is no accepted calibration factor, we report values as unadjusted numbers. Air nicotine concentrations were recorded by use of personal air samplers using SKC XAD-4 canisters given to nonusers with intake hoses placed at mouth level. The air samplers recorded flow rates. By taking flow rate × time, we calculated the total volume of air flowing through the XAD-4 canister. We then calculated the nicotine concentrations in air for each nonuser by dividing the mass eluted from each canister by the calculated total volume of air.
For both air and wipe samples, nicotine was extracted by adding 0.1% formic acid solution and 1M KOH solution to each sample. Acetonitrile was then used for extraction addition of MgSO 4 /NaCl at 4:1 (ENVIRO MgSO4/NaCl mylar pouch, UCT, Bristol, PA). The extract was then cleaned up by C18 dispersive solid phase extraction, ENVIRO CLEAN 150 mg MgSO 4 /50 mg CEC18 (UCT, Bristol, PA). The final extract was analyzed by LC/MS/MS with a HILIC silica column according to the isotope dilution method. 12 The limits of quantification (LOQ) were: surface wipe = 0.3 ng; clothing wipe = 0.5 ng; and air tube = 0.2 ng. The data were reported as mean, minimum and maximum values, as well as by the following percentiles (below which a respective percentage of observations in a group of observations fall): 10, 25, 50 (the median), 75, and 90.
Surface Deposition of Nicotine
Prior to each session, we washed all furniture and surfaces, and participants donned a clean scrub top to cover potential background nicotine on their clothing. Wipe samples were taken before and following both 2-hour sessions. Eighteen surfaces-100 cm 2 areas in the same locations-were wiped with a 100% cotton wipe containing 2 mL of 0.1% ascorbic acid in areas determined with a precut 10 cm × 10 cm template: the wall (2), the table (2), the floor (2), the door (1), the observation window (1), and the television (1). Additionally, all nine participants (three e-cigarette users + six nonusers) had a 10 cm ×10 cm wipe, cut from an organic cotton pillow case, attached to the right shoulder of the scrub top they wore. This was collected for analysis following each session. All samples, including field blank samples representing 20% of the total samples collected, were analyzed for nicotine at the University of California at San Diego using the method described above.
Data Analysis
Min-max, percentiles, arithmetic means, and standard deviations were calculated using SAS statistical software, Version 9.3 (SAS Institute Inc. Cary, NC). The Wilcoxon signed Rank Sum test was used to test for statistical differences between medians of non-parametric paired data, and the Wilcoxon-Mann-Whitney test was used to test for statistical differences between the medians of disposable and tanks. Both tests were calculated using SAS procedure PROC NPAR1WAY, where α < 0.05 was considered to be a significant difference.
Results
PM 2.5 and UF Particulate Matter
Both PM 2.5 and UF were significantly higher (<0.0001) during both sessions versus before or after each session ( 
Air Nicotine
For sessions one and two, levels of air nicotine were significantly higher (p < .05) during the session than before or after each session (Table 1) 
Surface and Cloth Wipe Analysis
For both sessions one and two, levels of nicotine on surfaces were significantly higher (<0.0001) after the session than before it. We measured nicotine above the LOQ of 0.3 ng on all samples of surfaces (walls, tables, floors, door, window, and television) before and after both sessions (Table 2 ). In the first session, accumulation rates varied from a minimum of 0.313 ng nicotine/100 cm 2 /h found on Floor Location 2, to a high of 59.7 ng nicotine/100 cm 2 /h found on the Room Window. These locations also represented the minimum and maximum values found during the second session, with 0.562 ng nicotine/100 cm 2 /h and 35.8 ng nicotine/100 cm 2 /h respectively. The median accumulation rate for all surfaces was 2.1 ng nicotine/100 cm 2 /h for the first session and 4.0 ng nicotine/100 cm 2 /h in the second (p = .5457).
On all nine samples of 100 cm 2 pieces of cloth attached to participants' right shoulders, measured levels of nicotine were above the LOQ of 0.5 ng for both sessions. Median measurements of nicotine were 88.7 ng for the first and 139.3 ng for the second session, which corresponds to calculated median accumulation rates of 44.37 ng/100 cm 2 /h and 69.64 ng/100 cm 2 /h, respectively. The median accumulation rate for session two was significantly higher than session one (<0.01).
Discussion
PM 2.5 and UF Particulate Matter
In both sessions, significant increases in PM 2.5 and UF particles were observed during the session compared with before or after. How far an inhaled particle travels into the lungs and whether it is systemically absorbed is strongly dependent upon its diameter. 13 Fine (<2.5 microns) and especially ultrafine (<100 nm) particulate matter represent optimal ranges of particle diameters for alveolar deposition and systemic absorption via inhalation. 13 Therefore, as the concentrations of fine and ultrafine particulate matter in the air increase, there is a greater probability of deep lung deposition and subsequent systemic absorption of the particulate matter, including the chemicals that comprise it. Particulate matter in the air will also deposit on to surfaces, where it can be dermally absorbed. To date, metals, carbonyls, Volatile Organic Chemicals (VOCs), and other impurities have been measured in e-cigarette aerosol. 8, [14] [15] [16] [17] Additionally, our results show that the type of particulate matter emitted varies by e-cigarette product. A comparison between sessions one and two showed median PM 2.5 values were significantly higher during the second session when tank e-cigarettes were used (0.515 mg/m 3 ) than the first session with disposable e-cigarettes (0.035 mg/m 3 ) (p < .0001). However, median ultrafine values during session one (31 200 particles/cm 3 ) were significantly higher than during session two (25 200 particles/cm 3 ) (p < .0001). Therefore, given the great diversity of e-cigarette devices and solutions available on the market, there might be substantial differences in exposure resulting from e-cigarette aerosol among e-cigarette products.
Finally, the mean room ventilation measurement was 150 cfm, or 5.0 air changes per hour. Recommended mechanical ventilation rates for residential buildings are typically 40-70 cfm. 18 These rates depend upon the number of people and the function of the room. Our recorded room air ventilation rate likely represents a higher-than-average value of air exchange than is seen in most indoor exposure settings, which would imply that our measurements would be lower than in most indoor settings.
Air Nicotine
All air nicotine levels recorded for each nonuser were above the LOQ of 0.2 ng, and values were significantly higher after the session than before. The concentration of nicotine in the air was twice as high in the second session as the first session. Comparisons are limited among most related studies due to the different methods of aerosol generation and nicotine analysis. However, similar measurements were observed in Czogala et al., where five dual individuals used three different types of pen-style e-cigarettes ad libitum for 5 minutes, twice in 1 hour, with a 30-minute interval between them. 6 The concentration of nicotine in the gaseous phase of the air was averaged over 1 hour. The authors reported values of nicotine in air ranging from 0.65 to 6.23 mcg/m 3 , with an average of 3.32 mcg/m 3 . With three e-cigarette users using their device ad libitum over a 2-hour time period, our results for nicotine concentrations in air were comparable, but considerably lower. Therefore, it is likely that, in addition to other factors such as use behavior, device characteristics and solution composition, the levels of nicotine in the air will vary substantially depending on the number of e-cigarette users present and the time period over which the nicotine concentrations are recorded.
Wipe Sampling
Wipe sampling is typically used to detect the presence or absence of a chemical on a surface, or to quantify a mass of chemical over a specified surface area (commonly 100 cm 2 ). This is done to estimate deposition and potential dermal contact with the chemical. Our wipe sample analysis showed accumulation of nicotine on surfaces and on clothing that was attributable to a 2-hour exposure to aerosol from both disposable and tank style e-cigarette products. In previous research, Matt and colleagues reported geometric means of accumulation in living rooms of houses where smoking tobacco cigarettes occurred (n = 15) of 4.2 ng/cm 2 in bedrooms and 5.1 ng/cm 2 in living rooms. 19 Similarly, we measured a median value of total accumulation of nicotine on surfaces of 4.2 ng/cm 2 for the first session (disposable e-cigarettes) and 8.0 ng/cm 2 for the second session (tanks). We also measured levels of nicotine on cloth samples, which corresponded to calculated median accumulation rates of 44.37 ng/100 cm 2 /h (disposable e-cigarettes) and 69.64 ng/100 cm 2 /h (tanks). Therefore, these findings indicate nicotine would be available for dermal contact following a short-term exposure to an e-cigarette, irrespective of whether it was disposable or tank-style. This is of particular concern because nicotine is well adsorbed dermally. 20 Toddlers and young children would be especially vulnerable to this route of exposure given their crawling and hand-to-mouth activity. For example, recent evidence from a focus group recorded that while some mothers go outside of the home to smoke tobacco cigarettes, they use e-cigarettes inside and around their children because they perceive them to be safe. 21 Finally, we found a direct correlation between the amount of nicotine consumed by the active users and the concentration of nicotine in the air and the wipe sample accumulation rate of nicotine. The total mass of e-cigarette solution consumed was 1.048 g or approximately 14.3 mg nicotine in the first session (disposable e-cigarettes) and 2.011 g (26.2 mg nicotine) during the second session (tank-style e-cigarettes), an approximate 1:2 ratio from the first session to the second. The mean air nicotine concentration was 0.7169 ng/L during session one and 1.6803 ng/L during session two, and the median wipe accumulation rates of nicotine were 2.1 ng/100 cm 2 /h for the first session and 4.0 ng/100 cm 2 /h for the second. Three separate measurements performed by three different laboratories showed an approximate 1:2 ratio of nicotine from the first session (disposable e-cigarettes) to the second session (tanks). This demonstrates that increased consumption of nicotine by e-cigarette users will result in increased exposure to bystanders.
Limitations
First, our method measured nicotine in the gaseous, but not the particulate phase of the air. To date, the existing levels in the literature were also measured in the gaseous phase. However, in order to understand the total exposure to nicotine from e-cigarette aerosol, measurements in the particulate phase are needed. Second, while we measured nicotine, we did not describe other constituents of the aerosol, and thus, we have not described all potential toxicants associated with e-cigarette exposure. Third, this study used a short-term exposure and a limited number of products and active users. Longer exposures would likely have resulted in greater exposure and levels of deposition. The exposure created by the products we used might differ from others, whether of similar generation or subsequent generations, as would changing the number of active users. These factors must be considered when attempting to generalize our results to other populations, exposure scenarios or to other products.
Conclusion
Short-term e-cigarette use can produce increased PM 2.5 and UF in the air, which could lead to secondhand inhalation of these particles and the chemicals that comprise them by bystanders. Short term e-cigarette use can also lead to measurable nicotine in the air and accumulation of nicotine on surfaces and clothing, which could lead to exposure via secondhand inhalation and dermal contact, respectively. Characterization of e-cigarette particulate matter and aerosol among a diverse profile of e-cigarette products could aid in assessing the risk posed by to nonusers who are passively exposed to the emissions from these devices.
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